Quaternary Organic Solar Cells Enhanced by

Co-crystalline Squaraines with Power Conversion Efficiencies >10%
Q D denotes the quantum yield of the donor (emitting) material; I represents the integrated fluorescence intensity; A refers the absorbance at excitation wavelength whereas the subscript R indicates the respective parameters of reference dye.
We quantified the compatibility of these FRET pairs by measuring the Förster radius, R 0 , of the donoracceptor separation distance where FRET is 50% efficient
where κ is the orientation factor between donor and acceptor dipoles, Q D is the quantum yield of FRET donor , n is the refractive index, F D is the donor emission spectrum and ε A is the molar extinction coefficient of the acceptor [1] . Assuming a random orientation of the donor and acceptor molecules (κ 2 = 2/3) and effective refractive index, n of 1.5 of these active materials in dilute solutions. The PL quenching observed in squaraine-added samples indicate that the squaraines can effectively induce resonance energy transfer within the multi-donor films. The role of squaraines in the films differs from the 1,8-diiodooctane (DIO) additive as DIO does not participate in light absorption. We show a negative signal (red region) containing two peaks at 560 and 620 nm, which corresponds to the PT8 absorption (or GSB) with 0-1 and 0-0 vibrational transitions, respectively (Fig 3e) . Introducing DPSQ into PT8 causes a negative TA signal at 740 nm ( Fig. 3d ), accompanying with a mitigated GSB of PT8. In both cases for PTB7-DPSQ and PT8-DPSQ, we observe the photoinduced absorption of the polarons at 490 nm associated to DPSQ, inferring rapid excitation energy transfer from the polymer to the dye molecule.
TA experiments on neat DPSQ film was performed to verify that the GSB of DPSQ cannot be triggered by 500 nm excitation source per se, even with higher fluence at ~ 20 uJ cm Note: For PT8 systems, we observe co-crystalline phase in the quaternary blend as well. However, the changes are not as intense as in the case of PTB7 as host polymer (Fig. 5f, g ). Differences in polymer:fullerene ratio, processing solvents, polydispersity index, molecular weight of the polymer and polymer substituents are some of the factors that we propose could alter the magnitude of co-crystalline phase formation. In these tables, 'theta' refers to the incident beam angle with respect to the sample surface plane. Data displayed in Figure 5 are results of theta = 0.12.
S3f
Description on the quantification of crystallite population analysis on GIWAXS data Quantification of semiconducting polymer orientation was performed using a previously-described procedure [2] . The intensity along the 100 lamellar arc was integrated at each angle (χ) with respect to the q z axis [3, 4] . The full peak width was integrated, and the local background, just outside the peak region subtracted, at each angle. The χ scale was corrected to account for the intersection of the Ewald sphere [5] .
To account for the amount of material being probed at any given angle, assuming films were in-plane powders, we apply a sin(χ) correction factor [6] . To compute the amount of face-on vs. edge-on material,
we distributed the integrated intensity of the corrected curve into three categories: "isotropic" (baseline scattering that is uniform in the uncorrected curve, and follows sin(χ) in the corrected curve), "edge-on"
(signal above baseline for χ < 45º), and "face-on" (signal above baseline for χ > 45º). As a surface sensitive analytical tool, X-ray photoelectron spectroscopy (XPS) was used to survey element distribution at the top interface. For the dual-squaraine PTB7:PC 71 BM system, we correlate the XPS data to morphological change by quantifying the carbon to sulfur ratio on the surface, as sulfur is only present in the thiophenyl backbone of PTB7 ( Supplementary Information, S5 ). Close scanning of the carbon 1s peak at 280 to 290 eV binding energy reveals a shoulder at 288 eV which corresponds to the presence of C-O bonding in PCBM [7] and a strong characteristic peak of C=C from the conjugated organics at 284 eV. By integrating the area under the carbon 1s and sulfur 2p spectra (peak at 163.4 eV) and normalizing to their relative sensitivity factors, we notice that the S:C ratio increases from 0.08:0.92 to 0.10:0.9 after ASSQ and DPSQ were mixed in the polymer:fullerene matrix. Because only the polymer contains sulfur element, this indicates that the squaraines promote a more polymer-rich surface formation, resulting in a better concentration gradient for charge extraction near the cathode interface [8, 9] for inverted solar cells. We attempted to quantify the percentage of squaraines on the surface by repetitively scanning the region from 395 to 408 eV binding energy, but the signal from the nitrogen 1s is not discernable ( Supplementary Information, S5b ) in 2% ASSQ-DPSQ PTB7:PC 71 BM film. The nitrogen 1s peak, however, is clearly seen in 1:1 blended ASSQ-DPSQ film. Hence, we deduce that squaraines are indeed present in trace amount on the film surface. 
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